The presence of PCR inhibitors in water samples is well known and contributes to the fact that a practical PCR assay has not been developed for legionella surveillance. In this study, we devised a new seminested PCR assay for detection of Legionella spp. in water samples as a means of overriding the PCR inhibitors without loss of sensitivity. The seminested PCR assay utilized primers to amplify the 16S rRNA gene (LEG primers) of 39 Legionella spp. The assay was specific to legionellae, and the sensitivity was 1 fg of extracted Legionella DNA in laboratory examination. To evaluate the feasibility and sensitivity of the PCR assay in identifying the presence of legionellae, it was used to survey Legionella contamination in the water of 49 cooling towers of 32 hospitals. A commercially available EnviroAmp Legionella kit and a culture method were also used in the survey for comparison with the seminested PCR assay. The detection rates of legionellae in the samples were 91.8% (45 of 49) by the PCR assay and 79.5% (39 of 49) by the culture method. The EnviroAmp kit revealed that 30.6% of the water samples (15 of 49) contained inhibitors of the PCR amplification. However, the seminested PCR assay could produce the Legionella-specific DNA bands in 14 of the 15 samples. Although 8 of the 14 samples were positive in the first-step PCR, 6 of the 14 samples became positive in the second-step PCR. These results suggest that the effect of PCR inhibitors in samples, if any, can be reduced because of the dilution of the sample in the second-step PCR and that sensitivity of detection can be increased by the second-step PCR. Thus, the seminested PCR assay with LEG primers to amplify the 16S rRNA gene of 39 Legionella spp. was a practical and sensitive method to detect Legionella spp. in water samples.
Legionella pneumophila, the causative agent of Legionnaires' disease, was first recognized in 1977 following an epidemic of acute pneumonia in Philadelphia, Pa. (8) . Since then, a total of 41 Legionella species containing 62 serogroups have been characterized (2, 10, 36) . Twenty-one of the Legionella species have been reported as pathogenic in humans (7, 31, 36 ) (see Table  1 ). Exposure to and infection with Legionella species assume particular importance within hospitals, where patients with chronic pulmonary diseases, advancing age, and underlying immunosuppression are at an increased risk of legionellosis (9, 37) . Outbreaks of nosocomial Legionella infection have been reported in both general hospital wards (6, 35) and intensive care and transplant units (22, 33) . The degree of Legionella colonization in water supplies in hospitals has been shown to correlate with the incidence of nosocomial Legionnaires' disease (3, 22) . Since Legionella contamination in the cooling tower water of hospitals has led to large nosocomial outbreaks (6, 9, 26, 37) , surveillance of legionellae in the water and preventive measures against the contamination are needed, especially in hospitals. A sensitive and practical procedure for legionellae surveillance in cooling tower water should be established to prevent outbreaks of legionellosis.
To find effective methods for detection of legionellae in water samples from cooling towers and a river, we (38) previously examined colony counts, direct fluorescent-antibody staining, and a PCR assay with primers for amplification of the 16S rRNA gene (LEG primers) of 29 Legionella species. That study showed that the PCR assay with LEG primers was satisfactorily specific and sensitive for the survey of legionellae in cooling tower water and water from a river. During the study, we found that some water samples contained unknown inhibitors for PCR. To eliminate inhibitors completely, DNA should be purified. There are some reports on Legionella (20) and mycobacteria (34, 40) indicating that extraction procedures employing multiple steps to purify DNA from samples had lower rates of PCR inhibition than those with fewer steps. However, the DNA purification method with multiple steps is not suitable for surveillance of Legionella contamination in cooling tower water, a situation in which many samples must be examined. Although dilution of a sample is a simple and useful method to reduce the effect of inhibitors (29, 39) , there is a risk of underestimation of Legionella contamination in the samples. The inhibition of the PCR assay still remains to be overcome. A practical PCR assay overriding the inhibitory effects is necessary for the survey of legionellae in cooling tower water.
In this study, by selecting a new Legionella-specific sequence (LEG 225) from 16S rRNA genes and combining it with two other LEG primers, 448 (39) and 858, we devised a seminested PCR assay as a means of overriding the inhibition without loss of sensitivity. To evaluate the feasibility and sensitivity of the assay in identifying the presence of legionellae, it was used to survey Legionella contamination in water of 49 cooling towers of 32 hospitals. A culture method and a commercially available EnviroAmp Legionella kit (Perkin-Elmer Cetus, Norwalk, (38) was slightly modified and used as LEG 858 in this study. For the second-step PCR, LEG 448 (5Ј-GAGGGTTGATAGGTTAAGAGC-3Ј) (38) and LEG 858 were used as another set of amplimers enclosing a 430-bp fragment of the 16S rRNA gene. The 5Ј-digoxigenin-labeled 20-mer CP2 (5Ј-CAACCAG TATTATCTGACCG-3Ј), complementary to positions 649 to 630, was used as the probing oligomer (12) .
PCR conditions and gel electrophoresis. Heat-treated samples (5 l each) were added to microtubes containing 45-l portions of PCR mixture. The PCR mixture contained 2.5 U of Taq polymerase (TaKaRa Biochemicals, Shiga, Japan), 20 pM each primer (LEG 225 and LEG 858), 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , 0.2 mM (each) deoxynucleoside triphosphate, and 0.02% (wt/vol) gelatin. By use of the Program Temp Control System PC700 (ASTEC Co., Ltd., Fukuoka, Japan), the preparations in the microtubes were initially denatured at 95°C for 90 s and then subjected to 30 cycles of denaturation at 95°C for 10 s, annealing at 64°C for 1 min, and extension at 74°C for 1 min. A 1-l portion of the first-step PCR products was added to 49 l of the PCR mixture containing primers LEG 448 and LEG 858. The second-step (seminested) PCR was performed with an initial denaturation step at 95°C for 90 s followed by 20 cycles of denaturation at 95°C for 30 s, annealing at 66°C for 1 min, and extension at 74°C for 1 min. PCR-amplified DNA fragments (8 l each) were separated in 2 or 3% agarose gels (NuSieve 3:1 agarose; FMC BioProducts, Rockland, Maine) with TAE buffer (40 mM Tris-acetate, 20 mM sodium acetate, 2.0 mM EDTA [pH 8.3]) and visualized by ethidium bromide staining. A 100-bp DNA ladder (Pharmacia Biotech Co., Ltd., Tokyo, Japan) was also used as a DNA size marker.
Southern hybridization. DNA fragments from gels containing PCR products separated by electrophoresis were transferred to a nylon membrane (Hybond-N; Amersham Japan, Ltd., Tokyo, Japan) as described previously (23) . Prehybridization, hybridization with 12 nM CP2 (at 53°C overnight), and chemiluminescent detection of the nylon membrane blots were done as described in the instructions of the manufacturer (DIG DNA labeling and detection kit; Boehringer GmbH, Mannheim, Germany).
The EnviroAmp Legionella kit. The EnviroAmp Legionella kit (Perkin-Elmer Cetus) is composed of three kits (the Legionella sample preparation kit, the Legionella PCR amplification kit, and the Legionella PCR detection kit) that are designed to be used successively to specifically detect DNA from Legionella species. They utilize PCR amplification on concentrated water samples and a nonradioactive reverse dot blot hybridization. These kits were kindly donated by Perkin-Elmer Applied Biosystems Inc.
DNA extraction with the Legionella sample preparation kit. DNA extraction was performed as described in the manufacturer's instructions. Briefly, a 100-ml portion of each sample was concentrated by filtration through a 0.45-m-poresize Durapore HV membrane. The filter was vortexed for 30 s and boiled for 10 min with DNA extraction reagent supplied by the manufacturer. After a brief centrifugation, the supernatant was transferred to another tube, and DNA was precipitated with 100% isopropanol and carrier reagent. The pellet was resuspended in 160 l of kit-provided PCR water, and 20 l of the extracted DNA was subjected to PCR amplification with the EnviroAmp kit.
PCR with the EnviroAmp Legionella PCR amplification kit. With the EnviroAmp PCR amplification kit, the genus Legionella is identified by amplifying DNA sequences with specific biotinylated primers (L primers) complementary to conserved regions in the 5S rRNA gene (17) . Identification of L. pneumophila is achieved by biotinylated primers (P primers) complementary to sequences of the macrophage infectivity potentiator (mip) gene (5, 16) , incorporating an internal positive control (IPC). The IPC is a synthetic DNA sequence that is coamplified with the P primers and is included in the Legionella PCR mixture. The IPC is a sensitive indicator of poor amplification which may be caused by PCR inhibitors present in the samples.
PCR amplification was performed as described in the manufacturer's recommendations by adding 20 l of the extracted DNA and 15 l of 25 mM MgCl 2 solution of the reaction tubes containing the Legionella PCR mixture with uracil N-glycosylase. Samples were subjected to 30 cycles of amplification (30 s at 95°C and 60 s at 63°C) after holding programs of 10 min at 95°C with a DNA Thermal Cycler 480 (Perkin-Elmer Cetus).
Hybridization with the EnviroAmp Legionella PCR detection kit. Biotinylated PCR products generated by amplification with biotinylated primers specifically hybridize to the immobilized probes on a nylon membrane (detection strips). One probe hybridizes to positions 66 to 82 of the Legionella 5S rRNA DNA sequence, and the other probe hybridizes to positions 1012 to 1036 of the L. pneumophila mip sequence (reverse blot). The EnviroAmp PCR detection kit also includes positive and negative control probes. The positive control probe is complementary to the IPC sequence, and the negative control probe has a 1-base mismatch with the IPC sequence. Detection of the hybridized PCR products is performed with a streptavidin-horseradish peroxidase conjugate. The appearance of a blue dot on the nylon membrane indicates the presence of a bound PCR product.
Hybridization was done as described in the manufacturer's instructions. Briefly, the detection strips were incubated successively with the hybridization solution and the denatured PCR products at 55°C for 20 min and with the enzyme conjugate at 55°C for 12 min. The strips were washed twice for 10 min at 55°C with a washing solution and developed with development solution for 30 min at room temperature. When no blue dots appeared, which indicates a noninterpretable sample, the undenatured PCR-amplified samples were electrophoresed with 4% agarose gels to determine whether the samples contained PCR products and thus contained inhibitors of the PCR amplification or the hybridization and color development steps did not work correctly. No product on the gels was considered to show the presence of inhibitors of PCR amplifications in the samples.
RESULTS

Specificity of the seminested PCR.
The specificity of the PCR method was investigated for 39 Legionella species (Table  1 ) and 14 other bacterial species ( Table 2 ). The first amplifications of the seminested PCR with primers LEG 225 and LEG 858 produced 654-bp DNA bands from all 39 Legionella species (Table 1 ) and 10 reference strains belonging to L. pneumophila serogroups 2 to 11 (data not shown). The second amplifications of the seminested PCR with the primers LEG 448 and LEG 858 produced 430-bp DNA bands from all Legionella strains (Table 1) . Neither a 654-bp nor a 430-bp DNA band was produced from 17 nonlegionella strains (Table 2) , but faint and dim images of 600-bp amplified DNA were observed in the seminested PCR from the samples of Acinetobacter calcoaceticus and Pseudomonas aeruginosa (data not shown). However, these 600-bp DNA bands could be easily distinguished from the 654-bp bands from Legionella species. It was confirmed that the 600-bp bands did not hybridize with the CP2 probe by Southern hybridization (data not shown).
Sensitivity of the seminested PCR. The sensitivity of the seminested PCR was assessed with purified DNA from L. pneumophila SG 1 (ATCC 33152). Although the lowest detection threshold for the first-step PCR was 1 pg of the DNA per PCR (Fig. 1A, lane 4) , a specific 430-bp DNA fragment amplified by primers LEG 448 and LEG 858 was observed in 1 fg of Legionella DNA per PCR by the seminested PCR (Fig. 1B,  lane 7) .
Viable counts of legionellae by the culture method. Legionellae were isolated in 79.5% (39 of 49) of the cooling tower water samples (Table 4) , with viable counts of 10 CFU/100 ml ( Table 3 , tower 31) to 10 5 CFU/100 ml ( Table 3 , tower 9). Of the 43 isolates from the cooling tower water, 33 strains (76.7%) were L. pneumophila serogroup 1. The remaining 10 strains were 1 strain each of L. pneumophila serogroups 4, 5, and 6 and 7 serologically unidentified strains ( Table 3) .
Detection of legionellae by the EnviroAmp Legionella kit. Legionellae were detected with the EnviroAmp kit in 67. 3%   FIG. 1 . Southern blot analysis of the first-step PCR products (A) and the second-step PCR products (B) from L. pneumophila DNA with the CP2 probe. The first-step PCR was performed with primers LEG 225 and LEG 858, and a 1-l portion of the first-step PCR products was subjected to the second-step PCR with primers LEG 448 and LEG 858. These PCR products were separated by electrophoresis with 2% gels, transferred to nylon membranes, and hybridized with the CP2 probe. Extracted L. pneumophila DNA was used as a template DNA. Lanes: 1, 1 ng; 2, 100 pg; 3, 10 pg; 4, 1 pg; 5, 100 fg; 6, 10 fg; 7, 1 fg. The sizes of the DNA bands amplified by the PCR and hybridized with the CP2 probe are indicated on the left (A) and right (B).
(33 of 49) of the cooling tower water samples (Table 4) , and L. pneumophila was present in 81.8% (27 of 33) of the legionellapositive samples (Table 3 ). In 30.6% (15 of 49) of the water samples, no blue dots with IPC appeared in the detection kit (Tables 3 and 4 ). These samples contained inhibitors of the PCR amplification because we could not observe any PCR products with the IPC after electrophoresis with 4% gels (data not shown).
Detection of legionellae by the seminested PCR assay. In 30 cycles of the first-step PCR, legionellae were detected in 77.6% (38 of 49) of the cooling tower water samples (Table 3) . By cycle 20 of the second-step (seminested) PCR, 7 of 11 first-step PCR-negative samples were found to be positive (Table 3 ) and the detection rate rose to 91.8% (45 of 49 samples) ( Table 4) . Fifty cycles of the first-step PCR could detect legionellae in one of the seven seminested PCR positive samples (Fig. 2A,  lane 2) . However, the remaining six samples remained negative in the 50 cycles of the first-step PCR (Fig. 2A, lanes 3 to 8) .
The seminested PCR assay amplified the 430-bp DNA fragments from 14 IPC-negative samples in the EnviroAmp kits (Table 3 ). It was confirmed that the 430-bp bands hybridized with the CP2 probe by Southern hybridization (data not shown).
DISCUSSION
We developed a seminested PCR assay to override inhibitors for PCR amplification in samples without loss of sensitiv- Table 3 , footnote f. c Samples contaminated with bacteria at less than 10 CFU/100 ml.
ity. The seminested PCR assay was specific to the 39 Legionella species tested, and the sensitivity of the assay was 1 fg of Legionella DNA per PCR. This assay was used to assess its usefulness in the surveillance of contamination by legionellae of cooling tower water. Although EnviroAmp Legionella kits showed that 30.6% (15 of 49) of the water samples contained inhibitors of the PCR amplification, the seminested PCR assay could reduce the effect of inhibitors to produce the Legionellaspecific DNA bands in 14 of the 15 samples. The detection rates of legionellae in the samples were 91.8% (45 of 49) by the PCR assay or 79.5% (39 of 49) by the culture method. These results suggest that the PCR assay is a practical and sensitive method and that the seminested PCR assay with LEG primers is useful for the survey of legionellae in water samples. The presence of PCR inhibitors in water samples is well known (14, 19, 27, 38) . By use of the EnviroAmp Legionella kits and subsequent electrophoresis of the IPC-negative samples, 15 samples were revealed to contain PCR inhibitors (Tables 3  and 4 ). Since 8 of the 15 samples were positive in the first-step PCR (Table 3) , the sample concentration method by filtration used in the kit may increase the concentration of PCR inhibitors in the sample. In six of the remaining seven samples, the specific 430-bp DNA fragments could be first observed in the seminested PCR assay (Fig. 2) . Although a reason why the inhibitors did not affect the seminested PCR could not be elucidated in this study, dilution of the sample may reduce the concentration of the inhibitors. If the seminested PCR assay is employed, the simplified sample preparation for the PCR used here will be sufficient for overriding inhibitors of PCR amplification because the inhibitors in samples are automatically diluted to 50-fold in the second-step PCR.
Several primer and probe systems for amplification of Legionella-specific sequences have been described previously (1, 14, 30, 32) . Choosing the target gene for the PCR assay is an important factor in the efficiency and specificity of the detection. The LEG primers for the 16S rRNA gene in the seminested PCR or the L primers for the 5S rRNA gene in the EnviroAmp kit are a suitable choice for detection and identification of Legionella species because the rRNA sequence has been used as a fundamental molecular marker in bacterial taxonomy and phylogenetic analysis (18, 25) . Another superior factor for using the rRNA gene as the PCR target is its higher sensitivity than that of other target genes, as demonstrated in a previous study (38) . Even if 1 fg of Legionella DNA per PCR was used, a faint 430-bp DNA band amplified with primers LEG 448 and LEG 858 could be observed in an ethidium bromide-stained gel (data not shown). Although Southern blot analysis with digoxigenin-labeled probe CP2 increased the sensitivity about fourfold, and made the specific band clear (Fig.  1) , the sensitivity of the PCR assay without the Southern blot analysis was sufficient to detect legionellae in cooling tower water. The sensitivity of the seminested PCR with one nested primer (LEG 448) and one original primer (LEG 858) may be the same level as that of a two-stage cycle of the PCR with the first set of primers (LEG 225 and LEG 858). However, since the specificity of a nested approach is higher than that of a two-stage cycle of PCR with a first set of primers, the seminested approach may be more useful for legionella surveillance than the two-stage cycle of PCR with the first set of primers.
The EnviroAmp kit employing P primers for the mip gene, which is unique to L. pneumophila, identified environmental L. pneumophila in 27 samples (Table 3 ). In 24 of the 27 samples, L. pneumophila could be isolated by the culture method (Table  3) . This shows that the kit is well designed to detect and identify Legionella species and L. pneumophila. Further studies about genetic identification of each Legionella species by use of 16S rRNA sequences (10) are necessary for our PCR assay.
As shown in Table 4 , there was a difference in the detection rate of legionellae in the water samples between the culture method (79.5%) and the seminested PCR assay (91.8%). Although 10 of 49 water samples (20.4%) were negative by the culture method, 7 of the 10 water samples were positive by the seminested PCR assay (Table 4) . EnviroAmp Legionella kits also showed that 5 of the 10 culture-negative samples were positive ( Table 4 ). The culture method is a standard method for the determination of viable legionellae, but there may be a risk of underestimation in the number of viable cells. Pretreatment with acid buffer to kill other microbes in the samples may also kill some legionellae in the samples (4) . In addition, some Legionella species are sensitive to selective agents in the medium (15, 24) . Another reason why the detection rate by the culture method was lower (79.5%) than that by the seminested PCR assay (91.8%) may be due to the viability of cells. The seminested PCR assay would detect dead cells as well as viable cells. Culture methods would detect only viable (and culturable) cells (11) . Therefore, the difference in the detection rate may be due, at least in part, to these phenomena. The increased sensitivity of detection by the second-step PCR may also be associated with this difference. Conversely, one of four seminested PCR-negative samples was positive by the culture method (Table 3 , tower 39; Table 4 ). The sample did not contain PCR inhibitors because EnviroAmp Legionella kits worked well in the sample (Table 3 , tower 39). The cause still remains to be determined.
The seminested PCR assay with LEG primers to amplify the 16S rRNA gene of Legionella species is a practical and sensitive method to detect Legionella species in water samples. In addition, cultivation of legionellae from environmental and clinical samples takes at least 2 to 10 days for incubation while the PCR assay can be completed within 1 day. These facts show that the PCR assay developed here is a suitable and useful method for legionella surveillance. Use of the PCR assay may ultimately lead to the determination and decontamination of relevant sites in the hospital and thus may promote a decline in the nosocomial infection rate. Since PCR-detectable DNA does not prove that bacteria are viable (39) , a combination of the PCR assay and colony count may be a more practical protocol to assess the risk of infection and dissemination.
